including (1) the robust character of RFDR-type pulse sequences 126 with respect to experimental imperfections, 37, 38 (2) the absence of 127 heteronuclear interference because the low 13 C power levels avoid 128 depolarization processes, (3) the favorable recoupling effect of 129 finite pulses, (4) the narrow effective recoupling bandwidth, 130 restricted to the aliphatic region of the spectrum, that eliminates 131 unwanted 13 CR(i) À 13 C 0 (i À 1) polarization transfer, and (5) the 132 attenuation of dipolar truncation effects afforded by sparse 13 C 133 labeling. 39 134 To establish the validity of this approach, we recorded BASE 135 RFDR spectra of a microcrystalline sample of protein G B1 136 prepared with [2-13 C] glycerol (2-G B1 ). The spectra exhibit 137 cross-peaks with excellent signal intensities both between se-138 quential residues and between residues distant in the sequence. 139 Indeed, with mixing times g20 ms, long-range cross-peaks 140 between many backbone 13 C sites were observed, corresponding 141 to internuclear distances of up to 6.5 Å. As a representative 142 example, the strip plot of Figure 1 Figure 1b illustrates the environment surrounding 145 Y45CR, which includes part of a neighboring protein molecule in 146 the crystal lattice. Residue Y45 is located in one of the outer 147 β-strands of G B1 and forms an antiparallel β-sheet with another 148 strand that includes T51 and F52. In addition, Y45 is in close 149 proximity to K13 and G14, which are part of a β-strand in an 150 adjacent molecule and are denoted with asterisks in Figure 1 . 151 Therefore, several of the backboneÀbackbone BASE RFDR 152 correlations of Y45CR correspond to interactions between 153 adjacent β-strands, both within the molecule and across neigh- 154 boring molecules. The Y45-D47 cross-peak corresponds to an 155 internuclear distance of 6.2 Å, which is greater than most 156 interstrand correlations, and is an example of a contact that is 157 distant in space but not in the sequence. The intensity of this (i to 158 i ( 2) cross-peak is approximately three times lower than those 159 between sequential residues and similar to those between 160 residues in adjacent β-strands. 161 The pattern of BASE RFDR cross-peaks observed between the 162 antiparallel β-strands of G B1 would also be expected for parallel 163 β-strands, since the internuclear 13 CRÀ 13 CR distances involved 164 are similar in both cases. Internuclear distances in the crystal structure of G B1 (PDB ID 2QMT) corresponding to the cross-peaks observed between Y45CR and other 13 CR sites, i.e., within its own strand (T44, D46, and D47), to a strand within the same molecule (T51 and F52), and to an adjacent strand in a neighboring molecule (K13* and G14*). Asterisks denote residues in an adjacent protein molecule in the crystal lattice. The spectrum in panel a was recorded with τ mix = 24 ms and a total experimental time of 7.5 h. within approximately 6.5 Å from a central residue in the middle 167 strand. Three distinct β-strands (i, h, and k) are illustrated in . Section of a BASE RFDR spectrum of amyloid fibrils formed by 2-PI3-SH3. Gray labels indicate sequential 13 CRÀ 13 CR cross-peaks while black labels denote cross-peaks between 13 CR nuclei separated by two residues, with an internuclear distance corresponding to ∼6.5 Å. BackboneÀbackbone correlations between sites distant in space, but near in sequence, are readily observed for several regions of the polypeptide chain. This spectrum was recorded with τ mix = 24 ms and a total experimental time of 5 days. exclusively intermolecular in origin, and therefore constrain the 313 alignment of proteins within the fibril with respect to one another. 314 As shown in Figure 5g , illustrating the position of the β-strands 315 determined in previous work, 16 we were able to assign 23 316 15 NÀ 13 CR cross-peaks in the ZF-TEDOR spectra. These assign-317 ments, based on our previously published data, are consistent 318 with a parallel, in-register arrangement of the strands. However, 319 we note that of the 86 residues in the sequence, we observe only 320 about 30 cross-peaks in the aliphatic region and that the 321 intensities of many of these are weak due to relaxation processes. 322 In particular, protein dynamics interfere with the decoupling, 323 recoupling, and cross-polarization and lead to intensity losses in 324 the spectra. 40 Figure 5h . 362 While many more signals are observed in low-temperature 363 DNP-enhanced spectra than in room-temperature spectra, it is 364 also more difficult to assign peaks uniquely in the former. This is 365 primarily due to three factors: (1) the broader lines resulting 366 primarily from slight structural heterogeneity at low temperature, 367 (2) also the lower external magnetic field used in our DNP temperatures. Finally, it should be noted that spectral resolution 385 would be compromised more severely were it not for the exclusion 386 of radicals dispersed in the solvent matrix away from protein 387 molecules in this and other heterogeneous system. 43,47,50,51 388 Despite limitations in resolution, the quenching of dynamic 389 processes at low temperature results in a richer information 390 content than at room temperature. Since PI3-SH3 does not 391 contain highly flexible segments, CP spectra at 100 and 300 K 392 present similar features, and since the DNP enhancement is 393 virtually uniform, the enhancement factor is similar for different 394 sites in the fibril. However, the heteronuclear 15 NÀ 13 C mixing 395 period is sensitive to dynamics on a different time scale than CP 396 experiments, and leads to depolarization at room temperature 397 but not at 100 K. Thus, while many interstrand cross-peaks are 398 missing from ZF-TEDOR spectra at 300 K, they appear more 399 uniformly in spectra at 100 K, as can be seen in Figure 5 . In 400 contrast, the intermolecular ZF-TEDOR signal intensities at 401 room temperature vary drastically for different sites along the 402 peptide chain depending on local dynamics. Finally, it is worth 403 noting that frequently MAS spectra of proteins in membranes 404 and fibrils are observed to exhibit reduced signal intensities when 405 compared with spectra of microcrystalline samples such as G B1 . 406 It is not uncommon that regions of the peptide chain are not 407 present in multidimensional spectra. A large part of the reason for 408 this behavior is undoubtedly due to dynamic processes present at 409 ambient temperatures. Thus, proper cryoprotection of the 410 protein samples, which permits spectra to be recorded at low 411 temperatures, should address this problem in many cases. 412 As Figure 5 shows, many of the cross-peaks observed in mixed 413 PI3-SH3 can be assigned to 15 N(i)À 13 CR(i) or 15 N(i)À 13 C 0 (i À 1) ' CONCLUSIONS 458 We have described three spectroscopic methods able to 459 identify the presence of a parallel, in-register β-sheet tertiary 460 structure in amyloid fibrils, and have shown their applicability in a 461 study of fibrils derived from PI3-SH3. First, using samples 462 prepared with 2-13 C glycerol labeling, we detected 13 CRÀ 13 CR 463 contacts between adjacent β-strands and between neighboring 464 molecules using the efficient BASE RFDR recoupling sequence. 465 This approach was used to elucidate regions of high structural Figure 6 . (a) Summary of intermolecular constraints along the PI3-SH3 sequence obtained with the methods described in the text: Indirect CC (">"), direct CC ("*"), mixed NC at room temperature ("À "), and mixed NC at 100 K with DNP ("+"). Filled bars indicate residues in a β-strand conformation while empty bars mark dynamic regions that have not been assigned in the spectra. was applied during the chemical shift evolution and detection periods. 528 Two-dimensional BASE RFDR 36 experiments consisted of 544 total t1 529 points acquired in 60 μs increments with a 3.0 s recycle delay and were 530 recorded with a mixing time τ mix = 24 ms, 12.5 kHz 13 C π pulses, and 531 80 kHz 1 H decoupling, at a spinning frequency ω r /2π = 12.5 kHz, with a 532 32-step phase sequence in the low-power 13 C pulses described 533 previously. 36 The total acquisition times were 7.5 h for 2-G B1 and 120 h 534 for 2-PI3-SH3, corresponding to 16 and 256 scans per t1 point, Billerica, MA). 55 The temperature was regulated at 100 K, and the 554 spinning frequency was set to 9 kHz. A 2.5 μs 1 H pulse followed by a 800 555 μs spin-lock pulse were used for 13 C cross-polarization, while 4.5 μs 13 C 556 π/2 pulses, and 6.25 μs 15 N π/2 pulses were used during the mixing 
